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 A wide variety of animals store sperm between mating and ovulation. The sperm 
reservoir prolongs sperm lifespan and keeps sperm in a quiescent stage due to delayed 
capacitation and suppressed motility. The objective of this study was to determine different 
characteristics of sperm binding to the oviduct. The study was conducted using the translucent 
mouse oviduct ex vivo. The specificity of sperm binding was determined using the isthmus, 
ampulla, and trachea (n = 4). The results showed no difference in binding between isthmus and 
trachea (P > 0.05) but binding to the ampulla was less than the isthmus (P < 0.05). Capacitation 
status also affected sperm binding (n = 3). The number of sperm from non-capacitated samples 
bound to the isthmus was significantly higher than the number of bound capacitated sperm (P < 
0.05). Despite increased stiffness of oviduct cilia as female age, the number of sperm bound to 
the isthmus of older females was higher than younger females (P < 0.05). The number of bound 
sperm was different throughout estrous stages (P < 0.05) with diestrus being the highest (n = 3). 
Species-specific binding was also examined by allowing porcine and mouse sperm to bind the 
mouse isthmus (n =3). A significantly higher number of mouse sperm bound to the mouse 
isthmus than pig sperm (P < 0.05). In conclusion, sperm binding to the oviduct ex vivo was not 
completely specific to oviduct epithelial cells or age-dependent but was species-restricted, 
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CHAPTER 1: INTRODUCTION 
 
 The sperm journey through the female reproductive tract before fertilization is full of 
obstacles. The sperm deposition site varies depending on species. Regardless of the deposition 
site, sperm have to go through the uterus, uterotubal junction and part of the oviduct before 
fertilization. Roughly 5 percent of sperm in a single ejaculate reach the isthmus and bind to the 
oviduct epithelial cells to form a reservoir (Suarez, 1987; Suarez et al., 2006; Topfer-Petersen et 
al., 2002). The oviduct reservoir forms from a binding of lectin-like proteins on the sperm head 
to glycans on oviduct cilia (Kadirvel et al., 2012). The types of proteins and glycans that bind to 
each other are specific to species (Kadirvel et al., 2012; Machado et al., 2014; Suarez et al., 
1998). The oviduct binding maintains sperm viability, suppresses motility (Suarez et al., 1987), 
and prolongs sperm lifespan (Silva et al., 2014).  
Only morphologically normal spermatozoa are able to bind to the oviduct epithelial cells 
and form an oviductal reservoir (Teijeiro et al., 2011). The bound sperm stay viable for extended 
period of time depending on species. In some species of turtles, bound sperm are alive for over a 
year (Gist et al., 1989). In some species of bees, sperm are stored and alive for the entire queen 
bee lifespan, which can be nearly a decade (Orr et al., 2014). In humans, semen deposition 5 
days prior to ovulation can result in successful fertilization (Wilcox et al., 1995). During storage 
and after sperm release, mammalian sperm undergo a maturation process called capacitation to 
acquire the ability to fertilize the egg. During capacitation, sperm plasma membrane undergo 
changes and exhibit more vigorous motility called hyperactivation (Yanagimachi, 1969).  
The formation of the oviduct reservoir improves fertility when semen deposition is not 
well synchronized with ovulation but it is not absolutely required for successful in vitro 
fertilization (Hunter et al., 1971). The exact mechanism for sperm binding and release is not well 
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understood; however, it may be related to sperm capacitation and changes in progesterone level 
during the time of ovulation (Lefebvre et al., 1996; Smith et al., 1991). Additional study needs to 
be conducted to acquire a better understanding of sperm binding and release from oviduct 
reservoir.  
Among possible animals to use to study the function of the oviduct reservoir, the mouse 
has several advantages. The mouse oviduct wall is relatively thin and translucent, making it 
easier to identify sperm location and movement in vivo (Suarez, 1987). Moreover, genetic 
studies using knock-outs are more readily available in the mouse, making it easier to expand the 
scope of research. The goal of my thesis is to observe sperm binding to the oviduct in different 
circumstances after bypassing other possible obstacles using the mouse oviduct. These studies 
will provide information about how sperm binding to the oviduct is regulated and may eventually 













CHAPTER 2: LITERATURE REVIEW 
The Sperm Reservoir 
Sperm storage is an event that occurs in several animal species ranging from insects to 
mammals. Sperm storage plays an important role in successful reproduction especially in those 
species where mating and ovulation are not synchronized. Sperm can be stored in the female 
reproductive tract for a few hours up to several years, depending on the species. The little brown 
bats store sperm from the beginning of August until spring (Racey et al., 1987). Domestic dogs 
store sperm for 11 days (Doak et al., 1967). Turkey hens can store sperm for 4 months 
(Christensen et al., 1989). Red harvester ant queens can impressively store sperm for 20 years 
(Ingram et al., 2013).   
Sperm storage organs vary among different species. In mammals, the organ that store 
sperm is the extramural segment of the uterotubal junction or the lower isthmus of the oviduct 
(Suarez, 2010) from hours up to several months. Human sperm and oviduct cell interactions 
prolong sperm lifespan and viability without forming a reservoir (Murray et al., 1997) and stay 
viable for 5 days (Thibault, 1973).  
Different species of reptiles have different sperm storage organs. Some species of turtles, 
snakes, and lizards were reported to have sperm storage tubules (SST) to store sperm from 
several months up to several years (Birkhead et al., 1993; Fox, 1963; Hattan et al., 1975). 
Captive indigo snakes store sperm for over 4 years (Carson, 1945). Female box turtles can store 
sperm for 4 years (Ewing, 1943). The American alligator has a separate organ to store sperm 
(Palmer et al., 1992) for over a year (Gist et al., 2008). Chickens and turkeys store sperm in SSTs 
(Brillard, 1993). Insects have a special pouch to store and release sperm called the spermatheca 
(Pascini et al., 2017).  
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The sperm reservoir prolongs sperm viability (Rodriguez-Martinez, 2007) due to delayed 
capacitation and suppressed motility (Topfer-Petersen et al., 2002). Previous studies have shown 
that sperm acquire “fertilizing capacity” during storage (Austin, 1952; Chang, 1951). Moreover, 
the sperm reservoir reduces the chance of polyspermy by gradually releasing sperm to the 
fertilization site rather than releasing all sperm at once (Hunter and Leglise, 1971). 
 
Sperm Movement through the Female Reproductive Tract 
 The female reproductive tract consists of the vagina, cervix, uterus, and oviduct 
(Kobayashi et al., 2003). The site of semen deposition differs among species. In various 
mammalian species such as cows, sheep, and dogs, the semen gets deposited into the vaginal 
fornix at ejaculation (Coy et al., 2012; Richardson et al., 2012). In horses and rodents, the semen 
gets deposited into the uterus (Coy et al., 2012). The number of spermatozoa that reach the 
oviducts decrease as they travel further into the female reproductive tract (Tung et al., 2014).  
 Low vaginal pH is the first barrier to select sperm. A previous study demonstrated that 
low pH disabled bull sperm movement (Carr et al., 1984). The cervical mucus is the second 
barrier allowing mostly morphologically normal sperm and getting rid of abnormal sperm 
(Martyn et al., 2014; Overstreet et al., 1980). After passing through the cervix, the uterine 
myometrium contracts and pulls sperm towards the uterus (Fukuda et al., 1994). Third, the 
number of sperm in the uterus is further reduced by immunological responses (Suarez and Pacey, 
2006).  
Only a small number of spermatozoa will reach the connection between uterus and 
oviduct called the uterotubal junction or the UTJ (Chang et al., 2012). The uterotubal junction 
contains a narrow lumen and mucosal folds (Hook et al., 1968). In cows, the mucosal folds form 
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“cul-de-sacs” that open back to the uterus (Yaniz et al., 2000). The main function of the UTJ is 
to regulate microbe and sperm entry (Suarez, 2008). Once sperm pass through the UTJ, they 
have to swim against the fluid flow by rheotaxis (Miki et al., 2013) to reach the lower oviduct, 
called the isthmus (Tokuhiro et al., 2012a), where sperm are stored. 
  
The Formation of Sperm Reservoir: Adhesion Molecules 
Not all spermatozoa that reach the isthmus are able to bind to the epithelial cells. Only 
morphologically normal spermatozoa bind to the ciliated epithelial cells (Petrunkina et al., 2001). 
The process of sperm binding is dependent on the interaction between lectin-like proteins on the 
sperm head and glycans on the oviduct epithelial cells (Suarez, 2001, 2002; Wagner et al., 2002).  
Glycans are monosaccharides linked together by glycosidic bonds. Glycans can 
covalently bond to lipids, called glycolipids, or proteins, called glycoproteins. There are 2 sites at 
which glycans attach to proteins and glycans are distinguished by their attachment site: N-
glycans and O-glycans. N-glycans are attached to protein at asparagine (Asn) residues (Stanley et 
al., 2017). O-glycans are attached to protein at serine (Ser) or threonine (Thr) residues 
(Brockhausen et al., 2017). Functions of glycans include metabolism, nutrient storage, cell 
structure, cell recognition, and cell adhesion. For example, glycans are part of the glycocalyx that 
acts as a physical barrier for all eukaryotic cells. N-glycans are crucial for “retaining growth 
factor and cytokine receptors” (Stanley et al., 2017). The sperm membrane is glycocalyx coated, 
which regulates sperm survival in female reproductive tract, protections from female immune 
response, passing through the cervix, and reservoir formation (Tecle et al., 2015). However, the 
same glycans can have different functions in the same organism (Varki et al., 2017). 
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The most important glycan function for sperm reservoirs is cell adhesion. Sperm binding 
is an interaction between glycoconjugates on oviduct epithelial cells and glycan-binding proteins 
(DeMott et al., 1995; Dobrinski et al., 1996; Suarez et al., 1998). A study of hamsters showed 
that sialylated oligosaccharides with similar structure to that of fetuin may be the required glycan 
for hamster sperm-oviduct binding (DeMott et al., 1995). Fucose on LewisA (LeA) was shown to 
be involved in bovine sperm binding because fucoidan or LeA reduced the number of sperm 
bound to oviduct explants (Lefebvre et al., 1997; Suarez et al., 1998). Porcine sperm required 
biantennary 6-sialylated N-acetyllactosamine (bi-SiaLN) and LewisX trisaccharide (LeX) for 
oviduct binding (Kadirvel et al., 2012; Machado et al., 2014). Both bi-SiaLN and LeX were 
reported to localize along the luminal epithelium of the oviduct and preincubated sperm with 
soluble LeX, suLeX, or bi-SiaLN glycans reduced sperm binding to the oviduct aggregates 
(Kadirvel et al., 2012; Machado et al., 2014).  
Sperm interact with oviduct epithelial by their heads. A previous study of mice indicated 
that the sperm flagellum was still beating while the head was attached to the oviduct (Chang and 
Suarez, 2012). Localization of glycan-binding receptors on sperm was studied using 
fluoresceinated glycans. Both bi-SiaLN and suLeX were observed in the apical region of the non-
capacitated porcine sperm head (Kadirvel et al., 2012; Machado et al., 2014; Silva et al., 2014). 
Sperm-oviduct interaction required that sperm were not capacitated and had intact acrosomes 
(Fazeli et al., 1999). A schematic drawing demonstrates sperm movement in the female 





Sperm Release Mechanism: Capacitation and Hyperactivation 
Capacitation is the series of physiological changes sperm complete to acquire their ability 
to fertilize the egg (Austin, 1952; Chang, 1951). The factors affecting sperm release from the 
oviduct reservoir are not well understood. It may be a combination of signals from the cumulus-
oocyte complex (Kolle et al., 2009), progesterone level (Bureau et al., 2002), and sperm 
capacitation and hyperactivation (Lefebvre and Suarez, 1996; Smith and Yanagimachi, 1991). A 
previous study in domestic birds has shown sperm release from sperm-storage tubules within an 
hour of progesterone injection (Ito et al., 2011). Another study showed that only sperm 
expressing curved flagellar movement were released from the oviduct reservoir (Demott et al., 
1992). It is also known that capacitated sperm do not bind to the oviduct as well as non-
capacitated sperm (Lefebvre and Suarez, 1996). 
During capacitation, sperm undergo biochemical and physiological changes including 
increase in intracellular Ca2+ levels, reactive oxygen species, ion channel activation, membrane 
cholesterol efflux, protein tyrosine phosphorylation, and intracellular cAMP production (Duncan 
et al., 1993; Ehrenwald et al., 1988a, 1988b; Fraser, 1998; Fraser et al., 1990; Galantino-Homer 
et al., 1997; Langlais et al., 1985; Visconti et al., 1995a; Visconti et al., 1998; Visconti et al., 
2011; Visconti et al., 1995b). Ehrenwald et al. (1989) were able to reduce cholesterol to 
phospholipid ratio on bovine sperm plasma membrane and measured the percentage of acrosome 
reacted sperm as an indication of capacitation status.  
 Different ions move across the plasma membrane and affect sperm function. Bicarbonate 
influx activates adenylate cyclase and increases cAMP, which raise the pH. Due to increased pH, 
the CatSper channel opens and leads to calcium influx (Darszon et al., 2011). The increase in 
intracellular calcium concentration causes hyperactivation of the sperm tail (Carlson et al., 2003; 
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Quill et al., 2003). Hyperactivation is indicated by high amplitude, asymmetrical flagellar 
beating pattern, and frequent changes in directions (Katz et al., 1989). Hyperactivation generates 
enough force for sperm to break away from the oviduct and propel it through viscoelastic oviduct 
fluid and cumulus matrix (Quill et al., 2003; Suarez et al., 1992; Suarez et al., 1991b). CatSper is 
a transmembrane sperm-specific calcium channel in the principal piece of the flagellum (Sun et 
al., 2017). CatSper-null mice were infertile because of the sperm inability to hyperactivate and 
penetrate through the cumulus matrix and fertilize the egg (Carlson et al., 2003; Quill et al., 
2003). However, CatSper-null sperm were able to fertilize the egg if the outer cumulus matrix 
was removed (Carlson et al., 2003; Quill et al., 2003; Ren et al., 2001). Capacitated sperm 
showed a reduction in binding to soluble oviduct glycans bi-SiaLN and suLeX (Kadirvel et al., 
2012; Machado et al., 2014). Therefore, non-capacitated sperm with intact acrosome are required 
for sperm-oviduct binding.  
 Hormones and enzymes in the oviduct fluid during the time of ovulation can also affect 
sperm capacitation and hyperactivation status (Lefebvre et al., 1995; Suarez et al., 1991b; 
Thomas et al., 1994). Progesterone increases during the time of ovulation (Hunter et al., 2004; 
Vanderhyden et al., 1995; Yamashita et al., 2003). Human spermatozoa have progesterone 
binding sites on the plasma membrane. Progesterone regulates several pathways in humans 
including trypsin-like proteolytic, polyamine synthesis, phospholipase A2, and protein-tyrosine 
kinase activities (Calogero et al., 2000). Human sperm are sensitive to low level progesterone but 
high level of progesterone is required to cause acrosome reaction or hyperactivation (Sagare-
Patil et al., 2012). Previous studies in humans showed that increased intracellular pH and 
extracellular progesterone induced the acrosome reaction and hyperactivation (Lishko et al., 
2011; Strunker et al., 2011). In bovine, progesterone induces sperm acrosome reaction but not 
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capacitation (Therien et al., 2003). More studies need to be conducted to understand mechanisms 
of sperm release from the oviduct reservoir.  
 
Trachea and Oviduct Comparisons 
 To study tissue-specific characteristics of sperm-oviduct binding, another tissue 
structurally similar to oviduct should be considered. In this study, trachea was chosen as a 
comparison to the oviduct due to their similarities in ciliogenesis and glycosylated mucus. 
Tracheal epithelial cells consist of ciliated cells and secretory cells (Gaillard et al., 1989). 
Oviduct epithelial cells also consist of ciliated cells and secretory cells (Hagiwara et al., 1992; 
Stewart et al., 2012). Even though the trachea secretion is derived from the lung, the secretion 
contains glycoproteins and has the consistency of gel (Boat et al., 1980) similar the secretion 
from oviduct. Therefore, trachea is an ideal tissue to compare with the oviduct to test tissue-
specific binding aspect of sperm. 
   
Oviduct Fluid, Media Viscosity, and Sperm Movement 
 Oviduct fluid consists of different molecules involved in gamete interaction, fertilization, 
and embryo development, including oviduct-specific glycoproteins (OSG) and osteopontin 
(Killian, 2004). The secretion of oviduct fluid increases in volume under estrogen and decreases 
under progesterone influences (Menezo et al., 1997). During different stages of the estrous cycle, 
oviduct fluid changes its components and viscosity. A study in cows showed that high-density 
lipoprotein was elevated during the follicular phase of the estrous cycle to accept sperm 
cholesterol (Ehrenwald et al., 1990). The expression of mRNA obtained from isthmus and 
ampulla epithelial cells also changed during follicular and luteal phases (Cerny et al., 2015). In 
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women, isthmic secretion accumulates as mucus was only observable during late follicular phase 
but not during luteal or early follicular phase (Jansen, 1980). After ovulation, mucus secretion 
becomes less viscous due to ovarian steroid hormones (Hunter et al., 2011). The arrival of both 
gametes also impacted the composition of oviduct fluid secretion via a cell-type-specific signal 
transduction pathway (Georgiou et al., 2007).  
 Viscosity is an internal friction of fluid that resists the flow. The unit of viscosity in SI is 
Pascal.second or Pa.s. Viscosity consists of shear stress and strain while viscoelasticity consists 
of shear stress, strain, and rigidity or modulus (Sun, 2004). Fluid viscosity changes depending on 
temperature, pressure, volume, and complexity of the molecules (Bridgman, 1925). Roughly, 
higher viscosity means thicker liquid. Viscosity and viscoelasticity impact the lateral movement 
of the sperm head and flagellar pattern (Hunter et al., 2011). There are two types of fluid; 
Newtonian and Non-Newtonian. Fluid that behaves according to Newtonian laws of fluid flow 
will express a constant viscosity independent of shear rate (Barnes et al., 1989). Any fluid that 
does not behave according to Newtonian laws of fluid flow is considered non-Newtonian fluid 
(Barnes et al., 1989) Figure 2.2 shows the behavior of non-Newtonian liquid.  
 Oviduct fluid is considered viscous and non-Newtonian (Hyakutake et al., 2018; Lai et 
al., 2007). Basically, oviduct fluid has consistency of gel with shear force resisting the flow and 
does not follow Newtonian laws of fluid flow. Media viscosity is normally neglected in sperm 
studies despite its effects on sperm movement and flagellar patterns. A previous study showed 
that as viscosity increased, sperm straight-line velocity and straight motility decreased in non-
hyperactivated sperm (Hyakutake et al., 2018). Sperm velocity decreased as media viscosity 
increased; however, sperm straight-line velocity was not different (Hyakutake et al., 2015). 
Sperm also showed different cluster pattern in different media: regular medium, non-Newtonian 
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viscous medium, and viscoelastic medium, the highest percentage of sperm swam in clusters 
when in viscoelastic medium (Tung et al., 2017). The movement of bovine sperm in different 
viscosity fluid is shown in Figure 2.3.   
In order to adjust viscosity in regular media, thickening agents can be added to the 
regular medium. Methylcellulose is a chemically derived cellulose that is odorless, colorless, 
tasteless, non-toxic, and water-soluble. Medium with methylcellulose expresses non-Newtonian 
fluid qualities. Media with added methylcellulose slowed bacterial movement due to increased 
viscosity (Pijper, 1947). A previous study comparing high viscosity medium (adding 1% 
methylcellulose) and low viscosity medium showed similar progressive velocity but different 
wavelengths, wavespeeds, and frequencies of the sperm flagellar movement (Smith et al., 2009). 
Overall, oviduct fluid is considered high viscosity non-Newtonian fluid, in which non-
hyperactivated sperm would express no significant changes in straight line velocity compared to 
regular, non-viscous, Newtonian media. 
 
Aging, Fertility, and Oviduct Functions 
 Changes in fertility as females age have been observed in several demographic 
populations (Schmidt et al., 2012). It is known that as maternal age increases, fertility decreases. 
There is an increased risk of pre-term birth and pregnancy-induced hypertension syndrome in 
women who conceive in the late 30s (Nelson et al., 2013) The decline in fertility as females age 
is a result of several factors especially those affecting the ovary, oviduct, and uterus. Some 
examples of the factors include decreased number of oocytes, altered oviduct conditions, changes 
in hormone levels, and affected uterine conditions (Shirasuna et al., 2017). 
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Besides the decreased number of oocytes, the chance of abnormal oocytes increases as 
women age including abnormal chromosome division, mitochondrial DNA mutations, lower 
antioxidant levels, low ATP production, and higher oxidative stress (Meldrum et al., 2016; 
Nelson et al., 2013; Wilding, 2015). However, when selecting quality oocytes for IVF, the 
success rate was still lower in older cows (Hasler, 2014). This implies that not only oocytes are 
affected by aging but other reproductive organs as well.  
Since the oviduct is the site of fertilization and the first organ to come in contact with the 
early embryo, it is important to pay attention to how aging affects the oviduct. Previous studies 
revealed that gap junction proteins were regularly expressed in young hamster ampulla but not in 
adult hamster (Yan et al., 2011). Moreover, aged oviduct epithelial cells secrete more 
proinflammatory cytokines (Tanaka et al., 2016) such as interleukin (IL-1β), which are 
implicated in infertility, preeclampsia, and early pregnancy loss (Ganaiem et al., 2009; Uri-
Belapolsky et al., 2014). Aged oviduct epithelial cells also express lower extracellular matrix 
components such as collagen, periostin, and decorin (Tanaka et al., 2016), which increase 
stiffness and decrease elasticity of the oviducts (Berdyyeva et al., 2005; Egbert et al., 2014; 
Varani et al., 2006). Older females would have less elastic oviduct and stiffer cilia with lower 































Figure 2.1. A schematic drawing of sperm inside female reproductive tract. Less than 5% of sperm 
deposited in the vagina will reach the uterotubal junction. Even fewer sperm will bind to the isthmus 
to form a functional sperm reservoir. Bound sperm gradually release around the time of ovulation and 
only one will fertilize with the egg.  
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Figure 2.2. Behavior of non-Newtonian liquid in different parameters. (a) Viscosity of 
non-Newtonian fluid decreases rapidly in the middle of the graph comparing increased 
shear stress. (b) Shear stress increases very slowly comparing to increasing shear rate. (c) 



























Figure 2.3. Sperm swimming pattern in different types of media. (a) Sperm swam individually 
in Tyrode’s albumin lactate pyruvate (TALP) medium. (b) Some sperm swam in clusters but 
most sperm swam individually in Newtonian viscous medium (TALP + 3%	
polyvinylpyrrolidone). (c) Sperm swam in clusters in viscoelastic medium (TALP + 1% long-
chain polyacrylamide). (d) Percentage of sperm swimming in clusters in TALP (Std), viscous 




CHAPTER 3:  
CHARACTERISTICS OF SPERM BINDING TO THE MOUSE OVIDUCT 
 
Abstract 
 Sperm-oviduct interaction is a common event occurring across animal species. In some 
species, sperm bind to the oviduct epithelium to form a sperm reservoir. In humans, sperm 
interact with oviduct cells without truly binding to form a reservoir. Nonetheless, the sperm 
interaction with oviduct prolongs sperm lifespan, suppresses motility, and reduces the chance of 
polyspermy.   Characteristics of sperm reservoir were studied using the translucent mouse 
oviduct. Sperm obtained from cauda epididymis were incubated with isthmus, ampulla, and 
trachea (n = 4). The result showed no difference in binding between isthmus and trachea (P > 
0.05) but the isthmus bound more sperm than the ampulla (P < 0.05). The number of non-
capacitated sperm bound to the isthmus was higher than the number of bound capacitated sperm 
(P < 0.05). Despite increased stiffness of oviduct cilia as female age, the number of sperm bound 
to the isthmus of older females was higher than younger females (P < 0.05). The number of 
sperm bound to the isthmus was different between each estrous stage (P < 0.05); oviducts from 
diestrus mice bound the most sperm (n = 3). Species-specific binding was also examined by 
allowing porcine and mouse sperm to bind the mouse isthmus (n =3). Higher number of mouse 
sperm bound to the mouse isthmus than pig sperm bound (P < 0.05). In conclusion, sperm 
binding to the oviduct ex vivo was not completely specific to oviduct epithelial cells but was 





The formation of the sperm-oviduct reservoir is a common event across animal species. 
The function of the sperm-oviduct reservoir is to provide adequate fertile sperm at the time of 
ovulation.  This is particularly important in species in which semen deposition is not well 
synchronized with ovulation. However, the reservoir is not absolutely required for successful 
fertilization (Hunter and Leglise, 1971). Stored sperm are in a quiescent state due to delayed 
capacitation and suppressed motility. Roughly 5 percent of sperm in a single ejaculate reach the 
isthmus and bind to the oviduct epithelial cells to form a reservoir (Suarez, 1987; Suarez and 
Pacey, 2006; Topfer-Petersen et al., 2002). The oviduct reservoir forms from a binding of lectin-
like proteins on the sperm head to glycans on oviduct cells (Kadirvel et al., 2012). The types of 
sperm proteins and oviduct glycans that bind to each other appear to be specific to species. The 
oviduct binding maintains sperm viability, suppresses motility (Suarez and Osman, 1987), and 
prolongs sperm lifespan (Silva et al., 2014).  
Only morphologically normal spermatozoa are able to bind to the oviduct epithelial cells 
and form an oviductal reservoir (Teijeiro et al., 2011). The bound sperm stay viable for extended 
period of time depending on species. In some species of turtles, bound sperm are alive for over a 
year (Gist and Jones, 1989). In some species of bees, sperm are stored and alive for the entire bee 
queen lifespan, which can be nearly a decade (Orr and Zuk, 2014). In humans, semen deposition 
5 days prior to ovulation can result in successful fertilization (Wilcox et al., 1995). During 
storage and after sperm release, sperm undergo a maturation process called capacitation to 
acquire the ability to fertilize the egg. During capacitation, sperm are rid of seminal proteins 
from the plasma membrane and change to more vigorous motility called hyperactivation 
(Yanagimachi, 1969).  
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The exact mechanism for sperm binding and release is not well understood; however, it 
may be related to sperm capacitation and changes in progesterone level during the time of 
ovulation (Lefebvre and Suarez, 1996; Smith and Yanagimachi, 1991). Additional study needs to 
be conducted to acquire more understanding of sperm binding and release from oviduct 
reservoir. The purpose of this study is to observe sperm binding to the oviduct bypassing other 
obstacles, such as cervix and uterine immune system, prior to reaching the oviduct. This ex vivo 
study is to mimic in vivo sperm reservoir formation utilizing transparent oviduct tissues. 
Therefore, sperm can be observed binding to the oviduct ex vivo. 
 
Materials and Methods 
Reagents and Media 
 Capacitation medium (dmKRBT) for mouse sperm was used for oviduct and sperm 
incubation. The medium consists of 120 mM NaCl, 2 mM KCl, 2 mM CaCl2, 10 mM NaHCO3, 
1.2 mM MgSO4, 0.36 mM NaH2PO4, 5.6 mM glucose, 1.1 mM pyruvic acid, 25 mM 3-[[1,3-
dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]-2-hydroxypropane-1-sulfonic acid (TAPSO), 




 The ICR mice used in the experiment were obtained from Envigo laboratory 
(Indianapolis, IN). The females were 12 ± 2 weeks of age. The males were 14 ± 2 weeks of age. 
One female and one male were used in each replicate. Each replicate (n) included 1 oviduct and a 
pair of cauda epididymis. Three replicates were performed in each experiment unless stated 
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otherwise. All animals were cared for and handled according to an approved IACUC protocol. 
Older animals were housed for up to months. 
 
Oviduct Preparation 
 The reproductive tract was accessed by abdominal incision immediately after 
euthanization. The oviducts were removed by cutting at the uterine horns, and the suspensory 
ligaments. The two oviducts were submerged in dmKRBT. More detailed dissection was 
performed under a dissecting microscope.  
 The ovary was removed by micro-spring iris scissors (Fine Science Tools, Foster City, 
CA). The oviduct was stretched out by cutting the broad ligament to unfold the coiling. The 
isthmus and ampulla were separated. A 34g, blunt tip needle (Jensen Global, Santa Barbara, CA) 
was inserted in the uncoiled oviduct to create a steady platform for cutting open. A micro-scalpel 
(Fine Science Tools, Foster City, CA) was then used to make a longitudinal cut, slicing the 
oviduct open to resemble a carpet to allow maximum access of sperm to oviductal epithelial 
cells. 
 
Sperm Collection and Processing 
After mouse euthanasia, the cauda epididymis was placed in 6 ml dmKRBT and 
punctured repeatedly with a 30g needle under a dissecting microscope. The sperm was allowed 
to swim out from the cauda epididymis for 10 min at 37°C. The cauda epididymis was removed 
from the dish before the concentration was adjusted to 30 million sperm/ml. Sperm concentration 
was measured using a hemocytometer and motility using a light microscope. Only samples with 
motility of 80% or higher were used in the experiment.  
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Comparison of Sperm Binding to Isthmus, Ampulla, and Trachea 
 The isthmus and ampulla were processed as described above. The trachea was collected 
immediately after the collection of reproductive tracts. The length of the collected trachea was 
0.3 - 0.5 cm. More detailed dissection was performed under a dissecting microscope. The 
adipose tissues and ligament surrounding the trachea were removed. The trachea was then cut 
open longitudinally using micro-spring iris scissors (Fine Science Tool, Foster City, CA.) to 
allow maximum sperm access to the trachea.  
The processed isthmus, ampulla, and trachea were incubated in the sperm solution at 
37°C for 20 min to allow binding. The tissue samples were removed and rinsed with fresh 
dmKRBT to remove free sperm. After rinsing, each tissue was placed onto a 22 x 50 mm 
coverslip, then covered with 18 x 18 mm coverslip. This allowed the tissue to be examined from 
both sides for quantification. The total of 4 replicates were completed in this experiment (n = 4). 
 
Sperm Capacitation Status and Sperm Binding 
 As a control, the processed isthmus was added to the sperm solution for a 20-min binding 
period immediately after the 10-min swim out to ensure sperm were in a non-capacitated status. 
Mouse sperm require at least 60 minutes in capacitating medium to undergo capacitation. 
Therefore, to produce capacitated sperm, an additional 60 min of incubation at 37°C was 
performed in dmKRBT after the swim out. Sperm in capacitated group were allowed to 
capacitate for the total of 90 minutes. The processed isthmus was then added to the sperm 
solution and allowed to bind for 20 min. After binding, the tissue samples were removed and 
rinsed with fresh dmKRBT to remove free sperm. Each tissue sample was placed onto a 22 x 50 
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mm coverslip, then covered with 18 x 18 mm coverslip. The total of 3 replicates was completed 
in this experiment (n = 3). 
 
Effects of Viscosity on Sperm Binding  
 For the control group, a pair of cauda epididymides was punctured in 3 ml dmKRBT with 
no added methylcellulose. For the experimental group, a pair of collected cauda epididymis was 
punctured in 3 ml dmKRBT with 0.5% methylcellulose. Sperm in both groups were allowed to 
swim out for 10 min. Two sections of isthmus from the same female were used in both control 
and experimental groups to ensure biological similarity of the isthmus tissues. The sperm were 
allowed to bind to the isthmus for 20 min before rinsing with dmKRBT. The rinsed isthmus was 
then added to a 22 x 50 mm coverslip and covered with 18 x 18 mm coverslip. Three replicates 
were completed in this experiment (n = 3). 
 
Effects of Age on Sperm Binding 
 A section of isthmus from young female mice aged 3 months was used in comparison to 
the isthmus obtained from old females aged 87 weeks in estrus. The isthmus obtained from a 
retired breeder female was processed the same as the isthmus from young female aged 21 weeks 
in estrus as described above. After processing, the isthmus from both control and experimental 
female was then added to the same dish of sperm solution to allow for the same environment. 
After 20 min of binding, the isthmus was removed from the dish and rinsed with fresh dmKRBT. 
The isthmus was then placed onto a 22 x 50 mm coverslip and covered with 18 x 18 mm 
coverslip for quantification. Three replicates were completed in this experiment (n = 3). 
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Effect of Estrous Cycle Stage on Sperm Binding 
 To determine the stage of estrous cycle, a vaginal smear was collected using 1x PBS and 
200 µl pipette and tips. Insertion of the tip into the vagina was prevented to avoid stimulating 
pseudopregnancy. The female vaginal opening was flushed 3 - 5 times with 100 µl 1x PBS while 
holding the tail upward. The flushing solution was collected in a 1.5 ml centrifugation tube for 
each female. The female was then placed back in the cage. The vaginal wash was placed onto a 
microscope glass slide and examined at 400x under an inverted microscope (Axiovert 25) (Zeiss, 
Thornwood, NY) to check for estrous stage. Estrous stage of each mouse was recorded and 
chosen to ensure the same numbers of animals in each estrous stage group. The number of bound 
sperm to oviducts from mice in proestrus, estrus, metestrus and diestrus were then compared to 
identify the effects of estrous stage on sperm binding. Three replicates per estrous stage were 
performed in this experiment (n = 3). 
 A vaginal smear with predominantly nucleated epithelial cells indicated proestrus. The 
vaginal smear containing anucleated cornified epithelial cells was indicated as estrus. A vaginal 
smear containing a mixture of leukocytes, nucleated epithelial cells, and anucleated cornified 
epithelial cells indicated metestrus. The vaginal smear predominantly of leukocytes indicated 
diestrus (Byers et al., 2012; Caligioni, 2009). 
 
Species-Specific Sperm Binding to the Mouse Oviduct 
Mouse sperm was collected and processed as described above. Ejaculated porcine semen 
diluted in the extender (6 ml) was mixed with 9 ml dmKRBT and centrifuged at 800 × g for 10 
min. Sperm were resuspended in 5 ml dmKRBT and pelleted at 600 × g for 5 min. The sperm 
pellet was then resuspended in 6 ml dmKRBT and checked for concentration and motility. The 
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pig sperm solution was diluted to 30 million sperm/ml. Two separated sections of the isthmus 
from the same female was then added to the mouse sperm or boar sperm solution and allowed to 
bind for 20 min. The isthmus tissues were then removed and rinsed with fresh dmKRBT and 
placed onto a 22 x 50 mm coverslip and covered with 18 x 18 mm coverslip. The total of 3 
replicates were completed in this experiment (n = 3).  
 
Identifying Bound Sperm  
 Sperm location on each sample was determined using an inverted microscope (Axiovert 
25) under 400x using brightfield. To ensure epithelial cell-sperm contact, only sperm that bound 
along the edge of each tissue sample were counted. Due to difficulties in identifying sperm from 
still photos, the count was done by movement of sperm in videos. The length of each region was 
measured to calculate the abundance of bound sperm per unit length on the tissue samples. For 
the trachea, the cartilage regions were excluded from the quantification due to lack of structural 
resemblance to the oviduct. Ten videos on each sample were randomly selected for 
quantification purposes. The videos were taken at 600x magnification with an inverted 
microscope (Axiovert 25) using an Axiocam 503 mono camera, and processed with Zen Pro lite 
software (Zeiss, Thornwood, NY).  
 
Statistical Analysis 
 To test mean differences between all groups, a Co-lab notebook (Google Inc., Mountain 
View, CA) with a Python 3 kernel was used to process and analyze the data. Because the data 
from this experiment was not normally distributed, a Fisher-Pitman test was used to determine 
the significant mean differences.  
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 A Fisher-Pittman test is a non-parametric permutation K-sample test similar to an 
ANOVA F-test. This test is more robust for non-normal data because it does not make any 
distribution assumptions. It generates the null distribution by randomly shuffling the labels as if 
there were no mean differences between any of the conditions (Berry et al., 2002). 
 The results are shown as mean ± SEM. Each treatment group was considered 




More Sperm Bound to the Isthmus than the Ampulla  
 Four replicates were completed in this experiment. In each replicate, a female and a male 
were sacrificed. Sections of isthmus, ampulla, and trachea were obtained from the same female 
mouse and incubated with the sperm from the male to control for possible differences within 
mice. This study is the first to test sperm binding ability to ciliated non-oviduct tissues. The 
previous study showed that, after mating, there are a higher number of sperm in the isthmus than 
the ampulla in vivo (Chang and Suarez, 2012). However it was not clear if sperm bound to the 
isthmus in greater numbers because the isthmus could retain most of the sperm and few 
advanced beyond the isthmus.  Tissue samples from isthmus, ampulla, and trachea from the same 
female were incubated in the same petri dish containing epididymal sperm from a single male for 
20 min. In all 3 conditions, sperm were found binding to the tissue samples (Figure 3.1a – c, and 
Supplemental movie 1 – 3). The number of sperm bound per length of the epithelium was 
significantly higher in isthmus than ampulla (P < 0.05); however, the number of bound sperm per 
length of the epithelium was not significantly different between the isthmus and the trachea or 
the trachea and the ampulla (Figure 3.1d).  
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More Sperm Bound to the Isthmus prior to Capacitation than After Capacitation 
When sperm undergo capacitation, several changes occur to the plasma membrane to 
allow increased ion permeability, loss of membrane cholesterol, and protein phosphorylation 
(Visconti et al., 2011). The plasma membrane of the sperm head the part that binds to the oviduct 
epithelial cells (Suarez et al., 1991a). The hypothesis of this experiment was capacitated sperm 
would lose their ability to bind to the oviduct epithelial cells due to changes in plasma 
membrane. To test this, 3 replicates were performed; one male and one female were sacrificed in 
each replicate. Cauda epididymal sperm from the same male was divided into 2 small petri 
dishes after sperm swim-out and adjusted to 30 million sperm/ml. The non-capacitated sperm 
were incubated for 20 min with the isthmus tissue immediately after a 10-minute swim out. A 
section of isthmus obtained from the same female was incubated with capacitated sperm to limit 
any physiological differences between female mice. The capacitated sperm were also allowed to 
bind to the isthmus for 20 min. A high number of non-capacitated sperm were found binding to 
the isthmus (Figure 3.2a and Supplemental movie 4) but a much lower number of capacitated 
sperm bound to the isthmus (Figure 3.2b and Supplemental movie 5). The number of bound non-
capacitated sperm per length of the epithelium was significantly higher (P < 0.05) than the 
number of capacitated sperm (Figure 3.2c).  
 
No Differences in Sperm Binding to the Isthmus in Viscous and Non-Viscous media  
 Sperm change their flagellar beating pattern when encounter different viscosity media; 
however, sperm straight-line velocity in aqueous and viscous media is not different (Smith et al., 
2009). The hypothesis of this experiment was that the number of bound sperm to the isthmus in 
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dmKRBT (aqueous medium) and dmKRBT with added 0.5% methylcellulose (higher viscosity 
medium) would not be different. The total of 3 replicates was completed in each experiment. 
One female and one male mouse were euthanized to obtain isthmus and cauda epididymis. 
Sperm were collected from the two cauda epididymides in separate petri dishes; one contained 
regular dmKRBT and the other contained dmKRBT with methylcellulose. A section of isthmus 
obtained from the same female was added to each dish. Sperm were allowed to bind for 20 min. 
In both conditions, sperm were found binding to the isthmus (Figure 3.3a, b, and Supplemental 
Movie 6 – 7). The number of bound sperm per length of epithelium was not significantly 
different (Figure 3.3c) between media with differing viscosity (P > 0.05).  
 
Sperm Bound to the Isthmus from Older Female more than Younger Female 
It is known that fertility decreases significantly as female age (Navot et al., 1994). There 
no studies of how oviduct epithelial cells change as females age. The hypothesis for this 
experiment was sperm would bind more abundantly to the isthmus obtained from younger 
females than older females. To test sperm binding to the oviducts of older females, in each 
replicate, 87-week-old retired breeders was used in comparison to a young female of 
reproductive age. The isthmus samples obtained from old and young female were incubated with 
the same sperm collection in the same petri dish to eliminate effects of sperm source on binding. 
Three replicates were completed. Sperm were found binding to isthmus tissues obtained from 
older and younger female (Figure 3.4a, b, and Supplemental movie 8 – 9). Surprisingly, there 
was a higher number of bound sperm per length of epithelium (P < 0.05) in older females than in 
younger female (Figure 3.4c).  
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Number of Bound Sperm was Different across all the Estrous Stages 
 Oviductal fluid changes its components and viscosity during different estrous stages 
(Grippo et al., 1995). A previous study using oviduct explants from pigs showed no significant 
difference in sperm binding during different periods (Petrunkina et al., 2001) but the effect of 
estrous stage on the intact oviduct’s ability to bind sperm had not been examined. Herein, the 
stage of estrous in mice was determined by examination of vaginal smears. The isthmus samples 
obtained from females were incubated with sperm for 20 min. Three replicates per each stage 
were completed. The results showed significant differences in sperm binding (P < 0.05) between 
every stage (Figure 3.5). The highest number of bound sperm per epithelial length was during 
diestrus. 
 
Boar Sperm did not Bind to the Mouse Isthmus 
 There is evidence that sperm from different mammalian species bind specific glycans 
selectively (Kadirvel et al., 2012; Machado et al., 2014; Suarez, 1998), implying that they also 
bind oviducts from homologous species selectively. But this has not been examined previously. 
The hypothesis of this experiment was that porcine sperm would not bind to mouse oviduct 
epithelium. To test this hypothesis, two isthmus samples from the same female mouse were 
obtained to prevent any biological differences between females. One of the isthmus samples was 
incubated with porcine sperm and the other was incubated with mouse sperm. Sperm from both 
species were found bound to the mouse isthmus (Figure 3.6a, b, and Supplemental movie 10 - 
11). But there was a significantly higher number of mouse sperm bound to the mouse isthmus 




 Sperm reservoir formation is a complex event requiring interactions between specific 
molecules on sperm and oviduct. Herein the specific characteristics of sperm binding to oviduct 
epithelial cells have been examined ex vivo, to eliminate the complicating effects of fluid flow 
and the number of sperm in the lumen in each part of the oviduct. This study is the first to use 
mouse oviduct explants to study sperm binding. The results confirmed several findings: (1) 
sperm binding was not specific to the oviduct epithelial cells, (2) capacitated sperm lose its 
binding ability, (3) media viscosity did not affect sperm binding, (4) sperm binding increased in 
older female, (5) estrous cycle stages affect sperm binding in mice, and (6) sperm binding is 
restricted to species.  
First, we found that, in addition to sperm affinity for oviduct cells, they also bind to other 
epithelial cells of a ciliated epithelium, the trachea. With similar epithelial cell characterstics 
such as mucin secretion, ciliated epithelial cells and secretory cells, tracheal epithelial cells 
bound the same number of sperm as oviduct epithelial cells (Boat and Cheng, 1980; Gaillard et 
al., 1989; Hagiwara et al., 1992; Stewart and Behringer, 2012). In several mammals studied, 
there is evidence that sperm bind to oviduct glycans (Kadirvel et al., 2012; Machado et al., 2014; 
Miller, 2015). It is possible that the sperm-binding glycans are also present on tracheal epithelial 
cells. Results also showed that sperm bind to the ampulla, although fewer sperm bound to the 
ampulla than to the isthmus.  In agreement with our results, previous studies using isolated cells 
had shown that sperm bind to the ampulla, although sperm release from each cell type differed 
(Ardon et al., 2016). 
Sperm capacitation status also affected binding. When sperm capacitate, several 
physiological changes occur including an alteration in membrane protein location and function 
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(Langlais and Roberts, 1985) and hyperactivation, which are possible factors in sperm release 
from the oviduct binding (Ardon et al., 2016; Quill et al., 2003; Suarez and Dai, 1992; Suarez et 
al., 1991b). Fewer sperm that are capacitated sperm bind to the oviduct (Kadirvel et al., 2012; 
Lefebvre and Suarez, 1996; Machado et al., 2014; Topfer-Petersen et al., 2008). In agreement, 
with earlier results using isolated oviduct cells, fewer sperm that were capacitated bound 
oviducts ex vivo.  
On the other hand, viscosity of the medium did not affect the number of bound sperm to 
the isthmus. Media that are commonly used in vitro have the same viscosity as water; however, 
oviduct fluid is thicker and more viscous. There are several studies on sperm flagellar patterns, 
amplitude, and velocity in different viscosity fluids (Chang and Suarez, 2012; Smith et al., 2009) 
but not many of sperm binding to oviducts in different viscosity. According to Smith et al., 2009, 
the average progressive velocity of sperm did not differ between low and high viscosity media. If 
there were a difference in progressive velocity, we would expect sperm with a higher average 
progressive velocity would collide with the oviduct more frequently and the number of bound 
sperm would be higher.  But consistent with the ability of sperm to swim effectively in higher 
viscosity medium, binding to the oviduct ex vivo was not affected by increasing medium 
viscosity. 
 The fertility of women declines sharply after they are about 35-40 years of age 
(Meczekalski et al., 2016). Some of this decline is due to ovarian factors and it is unclear if the 
function of the oviduct also declines. This study is the first to test sperm binding ability to 
oviducts from younger and older females. Surprisingly, the number of bound sperm was 
significantly higher in older females. This could be due to increased cilia rigidity and reduced 
progesterone level in older females resulting in fewer number of sperm released from the 
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oviduct. Thus, any declines in female fertility do not appear to be related to a decline in the 
ability of the oviduct to bind sperm.  
The ability of oviduct cells to bind sperm does not appear to change during the estrous 
cycle (Lefebvre et al., 1995; Machado et al., 2014) although there are conflicting data (Thomas 
et al., 1994). When we tested the effect of estrous stage on mouse sperm binding to oviducts ex 
vivo, surprisingly, the result showed highest binding during diestrus. Progesterone is proposed to 
be one of the factors inducing sperm release from the reservoir in mammals and birds (Hunter, 
2008; Ito et al., 2011). It is unclear why mouse sperm showed highest binding to oviducts from 
diestrous females. A previous study on hormonal concentration during mouse estrous cycle 
showed that progesterone concentration was lowest during diestrus in mice (Michael, 1976; You 
et al., 2010). The decrease in progesterone level could affect the sperm release resulting in higher 
number of sperm bound to the oviduct during diestrus. 
Since boar sperm required biantennary 6-sialylated N-acetyllactosamine (bi-SiaLN) and 
LewisX trisaccharide (LeX) for oviduct binding (Kadirvel et al., 2012; Machado et al., 2014), 
boar sperm were not expected to bind to mouse oviduct. But we are aware of no direct studies 
testing sperm binding to heterologous oviducts.  The result from this study showed that boar 
sperm, in fact, did not bind to the mouse oviduct. Therefore, mouse oviducts may not contain bi-
SiaLN or LeX and mouse sperm do not appear to bind bi-SiaLN or LeX. Further investigation 
needs to be done in order to identify specific oviduct glycans that bind to mouse sperm. 
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Figure 3.1. The pictures showed sperm bound to isthmus (a), ampulla (b), and trachea (c).  
Arrows indicate sperm bound to the edge of the isthmus (a), ampulla (b), and trachea (c). The 
graph (d) showed a higher number of sperm bound to the isthmus and the ampulla (P < 0.05) but 
no difference between isthmus and trachea or trachea and ampulla (P > 0.05). Different letters 























































Figure 3.2. The isthmus samples obtained from the same female were incubated with non-
capacitated (a) and capacitated sperm (b) obtained from the same male (n =3). The arrow 
showed examples of bound sperm. The graph (c) indicated significantly higher number of non-
capacitated sperm than capacitated sperm bound to the isthmus (P < 0.01). Asterisk (*) 






























Figure 3.3. Isthmus samples obtained from the same female were incubated with sperm from 
the same male (n =3) in (a) aqueous medium (dmKRBT) and (b) viscous medium (dmKRBT 
with 0.5% methylcellulose). The graph (c) showed no significant difference between the two 



























Figure 3.4. Isthmus samples obtained from older females (age 87 weeks) and younger females 
(age 13 weeks) were incubated with sperm obtained from the same male (16 weeks). The 
pictures showed sperm bound to isthmic biopsies from older (a) and younger females (b). The 
arrows indicate location of bound sperm (n = 3). There was a significantly higher number of 
sperm bound to the isthmus of the older females than younger females (P < 0.05). Scale bar = 



























Figure 3.5. The number of sperm bound to isthmus from different estrous stages (n = 3) was 








Figure 3.6. Pig sperm (a) and mouse sperm (b) binding to the isthmus samples obtained from 
the same female mouse (n = 3). The result showed significantly higher binding of mouse 


























CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
Summary 
 In this current study, different characteristics of sperm binding to the oviduct epithelial 
cells were tested. Six conditions were tested in this study to identify sperm binding 
characteristics: tissue-specific binding, capacitation status, medium viscosity, female age, estrous 
stages, and species-specificity. Sperm binding ability was affected by sperm capacitation status, 
estrous stage, and was species-restricted. In addition, sperm binding was not specific to oviduct 
cells or affected by medium viscosity or female age.   
 Most studies of sperm binding to oviducts have used either isolated cells that were 
allowed to re-aggregate forming spheres or small biopsies.  Both of these approaches ignore the 
complex folding that is found in the oviduct.  Making spherical aggregates cause the complete 
re-organization of the cellular interactions in the intact oviduct.  Using intact oviducts ex vivo 
allowed us to compare binding to regions of the oviduct without complications of fluid flow and 
the reduction in sperm numbers in the ampulla when studies are performed in vivo.  It also 
allowed us to alter the fluid viscosity and measure sperm binding more accurately than can be 
accomplished in vivo. 
This study is the first to perform sperm binding with non-oviduct tissue to test if binding 
is specific to a cell type. Sperm bound to both oviductal and tracheal epithelial cells, similar cell 
types because they are a mix of ciliated and secretory cells that synthesize abundant mucin 
glycoproteins.  A possible explanation for this is that sperm bind to glycans that are found in the 
glycocalyx of both cell types. This study also confirmed that capacitation status of sperm is 
crucial for forming the oviduct reservoir. Capacitated sperm did not bind to the isthmus as well 
as non-capacitated sperm. Surrounding fluid viscosity has also been considered when testing 
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sperm binding ability. In this study, similar number of sperm bound to the oviduct when using 
normal aqueous medium and more viscous medium. However, more study needs to be conducted 
on viscosity since there are several levels of viscosity representing oviduct fluid from different 
estrous stages.  
Moreover, this study is the first to test sperm binding to oviducts from females of 
different ages. A higher number of sperm bound to the oviducts obtained from older females, 
suggesting that aging does not reduce sperm reservoir formation. Therefore, the decrease in 
fertility common as women age might result from other factors that are not related to the sperm 
reservoir. Estrous stage could also affect sperm binding ability due to altered oviduct fluid 
compositions and viscosity variations. The result from this study showed that highest number of 
sperm surprisingly bound to the oviduct obtained during diestrus. It is unclear why diestrus 
oviducts expressed highest number of sperm bound. Further investigation needs to be conducted 
to understand more about effects of estrous stages on sperm binding. Finally, the ability of sperm 
to bind oviducts from different species was tested. As expected, a significantly lower number of 




 The purpose of this study is to gain more knowledge of sperm reservoir formation and its 
characteristics, using an ex vivo model system that provides more insight into the function of the 
intact oviduct. However, more work should be done in order to gain more knowledge on the 
mechanism of sperm-oviduct binding and molecules involved especially in mouse. There are 
several experiments that could be done to build on to the current study including mouse sperm 
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glycan array to identify specific glycans that bind to mouse sperm. And testing different glycans 
that have the same sugar combinations but different orientations to confirm if sperm bind 
selectively to sugar combination or both combinations and orientations.  
Since the mouse sperm glycan array experiment did not give consistent results, 
troubleshooting and establishing protocol for identifying mouse oviduct glycans that bind sperm 
should be done. The failure of our experiments could be because mouse sperm have low binding 
affinity for glycans or mouse-sperm-binding glycans are not presented on the slide used in this 
study. Mass spectrometry could be used to identify the glycans of mouse oviduct epithelial cells. 
Even though sperm-binding glycans would not be identified using mass spectrometry, a glycan 
arrays could be designed to include novel glycans presented on the mouse oviduct. Learning the 
glycans that bind mouse sperm would help expand other possibilities for more in-depth study of 
mouse sperm reservoir function.  
More viscosity experiment should also be done. Multiple viscosity levels of medium used 
to incubate sperm and oviduct should be performed. Different thickening agents should also be 
used. Some previous studies used different concentration of methylcellulose while others added 
different concentration of polyacrylamide to the media. Depending on the length of the 
molecules, methylcellulose and polyacrylamide could have different effects on medium viscosity 
in terms of Newtonian properties. Since oviduct fluid is considered viscous and non-Newtonian, 
with various viscosity levels at different estrous stages, the viscosity that encompasses the 
oviduct fluid viscosities at different estrous stages should be tested.  
Since the reasons for diestrus showing highest number of bound sperm were not clear, 
another study focusing on sperm binding during each estrous stage should be performed. Higher 
number of replicates should be conducted to confirm the result of sperm binding during each 
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estrous stage. Oviduct epithelial cells and oviduct fluid components from different estrous stage 
should also be analyzed to understand the correlation between sperm binding and estrous stage. 
 Additionally, a genetic study should be conducted to identify the function of specific 
gene products on formation of the sperm reservoir. Knockout of at least 14 genes affect sperm 
migration from the uterus to oviduct including Ace-t, Adam1a, Adam2, Adam3, Calr3, Clgn, 
Ly6k, Pdilt, Pgap1, Pmis2, Prss37, Rnase10, Tex101, and Tpst2 (Cho et al., 1998; Fujihara et al., 
2018; Fujihara et al., 2014; Fujihara et al., 2013; Ikawa et al., 2011; Ikawa et al., 1997; Krege et 
al., 1995; Nishimura et al., 2004; Shamsadin et al., 1999; Tokuhiro et al., 2012b; Ueda et al., 
2007; Yamaguchi et al., 2012; Yamaguchi et al., 2009; Yamaguchi et al., 2006). Many of these 
genes may have effects sperm transport in the female tract or on trafficking of other proteins to 
the sperm plasma membrane and may not be receptors for sperm glycans. Therefore, it is 
important to know if sperm deficient in these proteins could bind to the oviduct epithelial cells to 
form functional reservoirs. Further investigation of sperm from knockout mice should provide 
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APPENDIX A: Protocol for Mouse Sperm-Oviduct Binding 
1. Prepare 100 ml dmKRBT and 1x PBS. 
2. Warm 50 ml of dmKRBT at 37°C for 15 minutes.  
3. Bring 200 µl pipette and tips, 1 medium petri dish, 1 small petri dish, warmed dmKRBT, 1 
ml 1x PBS, and dissecting tools to the mouse room. 
4. Use 100 µl of 1x PBS to flush the female vaginal 3-5 times and collect the smear in 1.5 ml 
microcentrifuge tube. 
5. Euthanize 1 female and 1 male mouse with carbon dioxide using #2 flow rate on the cylinder.  
Leave in gas for 8 minutes.  
6. Collect uterus, oviduct, and ovary. Place them in a medium petri dish with dmKRBT.  
7. Collect about 0.5 cm of the trachea and place it in the same medium petri dish. 
8. Collect cauda epididymis and place them in a small petri dish with dmKRBT. 
9. Dissect out fat, uterus, ovary, and broad ligament from female tract. Insert 34g needle inside 
the isthmus and the ampulla, then slice them open with a micro scalpel.  
10. Place the opened isthmus and ampulla onto a 22x50 mm cover glass and cover both with 
dmKRBT. Make sure the tissues stay wet. Place the slide in 37°C. 
11. Trim off fat and cut open the trachea longitudinally using micro-spring iris scissors (size and 
manufacturer). Place the opened trachea onto a 22x50 mm cover glass. Make sure to keep the 
tissues wet with dmKRBT. Place the slide in 37°C. 
12. Remove the fat from cauda epididymis. Puncture the cauda epididymis with 30g needle. Let 
the sperm swim out for 10 minutes at 37°C. 
13. After swim out, add tissue samples into the sperm solution and allow sperm to bind for 20 
minutes at 37°C. The tissue samples would be under the same condition the entire 
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experiment. Make sure the tissues are wet while incubating by covering the dish with 
parafilm. 
14. Remove the unbound sperm by rinsing the tissues with fresh and warm dmKRBT. 
15. Place the tissues back onto the cover glass. 
16. Cover all the sample with 18x18 mm cover glass. 
17. Count the number of sperm bind along the folds of each tissue, and take 10 random videos. 
Using 40x brightfield inverted microscope Axiovert 25. 
 
Notes: 
1. For capacitation experiment, the non-capacitated sperm were added to isthmus after 
swim-out and observed under the microscope first while the sperm in capacitation 
experiment was capacitating for an extra hour at 37°C.  
2. For species-specific experiment, boar sperm were treated the same way as the mouse 
sperm.  
3. For aging experiment, the retired female breeders were processed the same way as the 
young female. 
4. For viscosity experiment, I used regular dmKRBT and dmKRBT with 0.5% 
methylcellulose as media. The rest of the procedure was the same.  
5. For estrous stage experiment, I examined the vaginal smear of e female before 
proceeding to the other experiments.  















APPENDIX B: Protocol for Mouse Vaginal Smear 
1. Prepare sterile 1x PBS and 200 µl pipette and tips. 
2. Handle the female mice by the tail, exposing their vagina.  
3. Pipette up 100 µl of 1x PBS and flush the vagina 3-5 times. Avoid inserting the tip of the 
pipette tips into the vagina to prevent pseudopregnancy.  
4. The flushing solution was collected in a 1.5 ml microtube for each female.  
5. Place the female back into their cages.  
6. Check for estrous stage by using 200 magnification under the inverted microscope Axiovert 
25.  
7. Determine estrous stage according to published protocols.  
8. Harvest the oviduct of the desired estrous stage within 3 hours after vaginal smear because 
mouse estrous cycle is relatively short.  
 
Determining Estrous Stage 
1. Proestrus: predominantly containing nucleated epithelial 
2. Estrus: predominantly containing anucleated cornified epithelial cells 
3. Metestrus: mixture of leukocytes, nucleated epithelial cells, and anucleated 
cornified epithelial cells 
4. Diestrus: predominantly containing leukocytes 





APPENDIX C: Protocol for Mouse Sperm Glycan Array 
1. Rinse glycan array in Medium B and then distilled water. Allow to air-dry. 
2. Rinse plastic box made for glycan slide and air dry.  
3. Incubate glycan array in dmKRBT at room temperature in the box before starting the 
procedure 
4. Euthanize 15 male mice and collect sperm from cauda epididymis following standard 
procedures. Swim-out should be done at room temperature rather than 37°C. 
5. Make 15 ml total of sperm suspension in 15 ml conical tube using dmKRBT.  
6. Centrifuge sperm suspension at #3 tabletop centrifuge for 10 min. 
7. Aspirate the supernatant CAREFULLY and the sperm pellet resuspended GENTLY in 15 ml 
of dmKRBT. 
8. Centrifuge again at #3 for 5 min. Aspirate the supernatant again. 
9. The sperm pellet should be resuspended in about 5 ml dmKRBT. Leave the concentration as 
it is for stronger signal. Check for concentration now. 
10. Sperm should be stained with 400nM Syto16. Stock is 1mM so add 2 µl with 3 µl of DMSO 
to make 400uM dilution. Then dilute by 1,000 into sperm suspension (i.e. add 5 µl of dilution 
to 5 ml of sperm suspension). Sperm take up stain quickly so they will be stained while 
incubating with the glycan array.  
11. Add glycan slide to the plastic box glycan side up (glycan side = you can read barcode side in 
the correct orientation from left to right). Pipette sperm into the box onto the glycan slide. 
The gravity will help pull the sperm towards the slide so we might get stronger signals.  
12. Incubate sperm and array for 15 min at 37°C. COVER the box with aluminum foil to prevent 
bleaching. Warm microscope slide and a cover slip in 37°C. 
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13. Remove slide from the box and gently rinse with dmKRBT 3 times and with medium 5 
times. Allow slide to dry.  
14. Check motility using sperm suspension left in the box.  
15. Package the slide in plastic slide container. Packed with room temp cold pack to stabilize the 
temperature. Mail the package 1-day air shipping to the center.  
 
Notes: 
1. Mouse sperm is very fragile and sensitive so make sure to process them in timely 
manner.  
2. Make sure the glycan slide is right side up by double-checking the barcode.  
3. Before starting the procedure, make sure to email the glycan center in advance so 
they are prepared for the arrival of our glycan slide. 
4. Record the time from the start to finish. 
 









1:15pm Kill mice and start collecting cauda epididymis 
1:45pm Puncture epididymis 
2:15pm Done puncture epididymis  
2:25pm Start centrifugation 
3:25pm Finish 
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Possible reasons for the glycan array not detecting binding: 
1. Mouse sperm have low binding affinity, so the machine was not able to detect 
the binding. 
2. Too much background was reported back from the first two tries; however, 
when rinsing more religiously, the signal became undetectable.  
3. There might not be glycan that bind to the mouse sperm on the slide.   
4. Five replicates were performed but no consistent result available.  
5. We might be able to perform Mass Spectrometry on mouse oviduct glycans 
















APPENDIX D: ICR-Strain Mouse Characteristics 
 A mouse strain used in this study was an ICR strain ordered from Envigo laboratory. The 
characteristics of ICR mouse include: 
1. Albino 
2. Outbred of Swiss origin 
3. Docile 
4. Superior maternal and reproductive traits 




































File Name Description 
1 Supplemental Movie 1 (isthmus) Sperm binding to the isthmus. 
2 Supplemental Movie 2 (ampulla) Sperm binding to the ampulla. 
3 Supplemental Movie 3 (trachea) Sperm binding to the trachea. 
4 Supplemental Movie 4 (non-capacitated sperm) Non-capacitated sperm binding 
to the isthmus. 
5 Supplemental Movie 5 (capacitated sperm) Capacitated sperm binding to 
the isthmus. 
6 Supplemental Movie 6 (non-viscous medium) Sperm binding to the isthmus 
in non-viscous medium. 
7 Supplemental Movie 7 (viscous medium) Sperm binding to the isthmus 
in viscous medium. 
8 Supplemental Movie 8 (87 weeks old) Sperm binding to the isthmus 
obtained from 87-week-old 
female. 
9 Supplemental Movie 9 (13 weeks old) Sperm binding to the isthmus 
obtained from 13-week-old 
female. 
10 Supplemental Movie 10 (pig sperm) Pig sperm binding to the 
mouse isthmus. 
11 Supplemental Movie 11 (mouse sperm) Mouse sperm binding to the 
mouse isthmus. 
 
